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Abstract 

This study investigates the influence of the fourth generation quarks on the double 
lepton polarizations in the B Ki~^i~ decay. Taking ~ {0.01 — 0.03} with 

phase about 100°, which is consistent with the b — > sl'^i~ rate and the Bg mixing 
parameter Ams^, we have found out that the double lepton(//, r) polarizations are 
quite sensitive to the existence of fourth generation. It can serve as an efficient tool 
to search for new physics effects, precisely, to indirect search for the fourth generation 
quarks (t', b'). 
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1 Introduction 



Although the standard model (SM) of electroweak interaction has very successfully de- 
scribed all existing experimental data, it is believed that it is a low energy manifestation of 
a fundamental theory. Therefore, intensive search for physics beyond the SM is now being 
performed in various areas of particle physics. One possible extension is the SM with more 
than three generations. 

Considering the recent experimental data, i.e., LEP II, two different interpretations 
already exist. The first one insists on the fact the fourth generation is ruled out by these 
experimental data. The second one claimes that the status of the fourth generation is 
subtle [1]. This approach illustrates that the experimental results make some constrains 
on the fourth generation parameters, i. e., masses(fourth neutrino mass has to be greater 
than the half of the Z boson mass) and mixing[2]. While an unstable neutrino with mass 
of 50 GeV is ruled out by LEP II bounds, the stable one may be ruled out by dark matter 
direct search experiments [2]. Many authors who support the existence of fourth generation 
studied those effects in various areas, for instance, Higgs and neutrino physics, cosmology 
and dark matter [3]- [7]. 

It is known that Democratic Mass Matrix approach [8], which is quite natural in the 
SM framework, favors the existence of the fourth SM family [9, 10]. The main restrictions 
on the new SM families come from the experimental data on the p and S parameters [10]. 
However, the common mass of the fourth quark (m^') lies between 320 GeV and 730 GeV 
with respect to the experimental value of p = 1.0002tQ;oQ04 [11]. The last vahic is close to the 
upper limit on heavy quark masses, niq < 700 GeV ~ 4mt, which follows from partial- wave 
unitarity at high energies [12]. Flavor-changing neutral current (FCNC) h s{d)t^l~ 
decays provide important tests for the gauge structure of the standard model (SM) at one- 
loop level. Moreover, h s{d)i~^i~ decays are also very sensitive to the new physics beyond 
the SM. New physics effects manifest themselves in rare decays in two different ways, either 
through new combinations with the new Wilson coefficients or through the new operator 
structure in the effective Hamiltonian, which is absent in the SM. One of the efficient ways 
in establishing new physics beyond the SM is the measurement of the Icpton polarization in 
the inclusive b s{d)£~^£~ transition [13] and the exclusive B ^ K{ K* , p, 7) decays 
[14]-[22]. 

In this study, we investigate the possibility of searching for new physics in the double 
lepton polarization of the B — > Ki'^i" using the SM with fourth generation of quarks (6', t'). 
The fourth quark (t'), like u, c, t quarks, contributes to the b — > s{d) transition at the loop 
level. Note that the fourth generation effects have been widely studied in baryonic and 
semileptonic B decays [23]-[36]. 

The main problem in the description of exclusive decays is to evaluate the form factors, 
i.e., the matrix elements of the effective Hamiltonian between initial and final hadron states. 
It is obvious that in order to achieve the form factors the non pertubative QCD approach 
has to be used(sec for example [15]). 

The sensitivity of the branching ratio and various asymmetries to the existence of fourth 
generation quarks in the B — > K*£'^i^ decay[33] and A;, — > Ai~^£~ [35, 34] decay are inves- 
tigated and found out that the branching ratio, lepton polarization and forward-backward 
asymmetry are all very sensitive to the fourth generation parameters (mj/, Vt'bV^Jg). Con- 



sequently, it is natural to ask whether the double lepton polarizations are sensitive to the 
fourth generation parameters, in the B K£~^£~ decays. In the present work, we try to 
answer this question. 

The paper is organized as follows: In section 2, we try to include the fourth generation 
in the the effective Hamiltonian. In section 3, the general expressions for the longitudinal, 
transversal and normal polarizations of leptons are obtained. In section 4, we examine the 
sensitivity of these polarizations to the fourth generation parameters (mj/, Vt'bV^*^ ). 



2 The matrix element for the B Kt^l decay in 
SM4 

The matrix element of the B — > K£~^£~ decay at the quark level is described by the 
b — > s£'^£~ transition and the effective Hamiltonian at scale can be written as 



^eff 



-yl-Vt,VZj2C,{f,)0,{t,), (1) 
v2 j=i 



here the full set of the operators Oi{fi) and the corresponding expressions for the Wilson 
coefficients Ci{fi) in the SM are given in [37]. As has already been noted, the fourth 
generation is introduced in the same way as three generations in the SM, and so new 
operators do not appear clearly and the full operator set is exactly the same as in the 
SM. The fourth generation changes the values of the Wilson coefficients €^{11), Cgdi) and 
Cio(/u), via virtual exchange of the fourth generation up type quark t'. The above mentioned 
Wilson coefficients are modified as: 

cr'i^l) = + (/.) , 

clM = c'li'iiA + ^c-rii^). (2) 

where A/ = Vj'^V/^ and the last terms in these expressions describe the contributions of the 
t' quark to the Wilson coefficients. Xf can be parameterized as: 

At' = V;,Vt>s = Tsbe'"^^' (3) 

Cj's can also be re-written in the following form: 

XtC, ^ AtCf ^ + Xt^Cr"" , (4) 

The unitarity of the 4x4 CKM matrix leads to 

A„ + Ac + At + At' = 0. (5) 

One can A„ = ^^^J small compared with the others . Then, At ~ —Ac — Af. And 

then 

AtCf ^ + At'Cr"' = AeCf ^ + At' (Cr^"' - Cf ^) (6) 



It is clear that for the mf — > rrit or Xf — > 0, At/(Cf^'^ — Cf ) term vanishes, as required by 
the GIM mechanism. 

In deriving Eq. (2), we factored out the term V^lVts in the effective Hamiltonian given in 
Eq. (1). The exphcit forms of the (7"^"' can be obtained from the corresponding expression 
of the Wilson coefficients in the SM by substituting rut — > (see [37, 38]). If the s quark 
mass is neglected, the above effective Hamiltonian leads to the following matrix element 
for the b s£~^i~ decay 



n 



eff - 



nib 



_ 2C*''*^sa^,g'^(l + 75)6%^ 



q 



(7) 



where = (pi + ^2)^ and pi and p2 are the final leptons four-momenta. The effective 



coefficient Cg"* 



can be written in the following form 

Cg + Y{S) , 



Ctot 
9 



(8) 



where s' 



q'^/ml and the function Y{s') contains the contributions from the one loop 
matrix element of the four quark operators. 

In addition to the short distance contributions, Yper{s') receives also long distance con- 
tributions, which have their origin in the real cc intermediate states, i.e., J/ip, • • •. In 
the present study we neglect the long distance contributions for the sake of simphcity. 

Now, having the effective Hamiltonian, describing the b si^i~ decay at a scale 
H c::^ rriB, can write down the matrix elements for the B — > Ki'^i" decay. The matrix 
element for this decay can be obtained by sandwiching the effective Hamiltonian between 
B and K meson states; which are parameterized in terms of form-factors which depend on 
the momentum transfer squared, — {pb —pxf — (p+ — P-)^- It follows from Eq.(7) that 
in order to calculate the amplitude of the B — > K£'^£~ decay the following matrix elements 
are required; 

{K \s^^b\ B) , {K \sia^,q''b\ B) , {K \sb\ B) , {K \sa^,b\ B) . 
These matrix elements are defined as follows [39, 40]; 



{k{pk) \-siM B{pb)) = A 



{Pb + PK)^^ 



nil, — III 



K 



+ /o 



nr,, - III] 



(9) 



{K{pk) \sa^^b\ B{pb)) = 



h 



{PB +PK)nq,. - qn{PB+PK)u 



(10) 



mB + rriK 

Note that the finiteness of Eq. (7) at = is guaranteed by assuming that /+(0) = /o(0). 

The matrix elements {K{pk) \sia^i,q^b\ B{pb)) and {K \sb\ B) can be derived from Eqs. 
(9) and (10) by multiplying both sides of these equations by g'^ and using the equations of 
motion, we get; 



{K{pK)\-sb\B{pB)) = fo 



{K{pk) Isia/^i^q^b] B{pb)) = 



m\ — m\; 
rrib-ms '' 
It 



rriB + nriK 



{pB+PK)tJiq -qiximB-rriK) 



(11) 
(12) 



As has already been mentioned, the form-factors entering Eqs.(9)-(12) represent the 
hadronization process. In order to calculate these form-factors information about the non- 
perturbative region of QCD is required. Therefore, for the estimation of the form-factors 
to be reliable, a nonperturbative approach is needed. Among the nonperturbative ap- 
proaches, the QCD sum rule is more predictive in studying the properties of hadrons. The 
form-factors appearing in the B K transition are computed in the framework of the 
light cone QCD sum rules[39, 40]. We will use the result of the work in [40] where radiative 
corrections to the leading twist wave functions and SU{2i) breaking effects are taken into 
account. As a result, the form-factors are parameterized in the following way [40]; 

1 — q^/mi (1 — q^/mfy 



where 1 = -|- or T, and 
with mi = 5.41GeV and the other parameters as given in Table 1. 
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Table 1: The parameters for the form- factors of the B ^ K transition are given in [40]. 



Using the definition of the form factors given in Eqs.(9)-(12), we arrive at the following 
matrix element for the B Ki'^i" decay; 



M{B^ K£+r) 



1727r 



■Vtiy:Ahn A{pB+PK)^. + Bq^ 



The functions entering Eq.(15) are defined as; 

h 



A = (Cit + Ci°^)/+ + 2(C^1 + C^l) , 



ftot\ 

sl) 



{ruB + mK)q^ 



C 
D 



where 



^tot 
LL 



Ctot 
9 



'-^10 ' 

-itot 



ritot 
'^LR 

tot 



/~itot I /~itot 

'-'9 + '-'10 



QiTTlgC'j , ^ BR — '^TfljyC'j 



itot 



(15) 



(16) 



Considering Eq. (15), we get the following result for the dilepton invariant mass spec- 
trum of decay rate: 



(17) 



where A(l, tk, s) = + P — 2fK — 2s — 2fKS, s = q'^/m%, fx = mj^/m^, rhg = me/niB, 

V — — 4:rhj/s is the final lepton velocity, and A(s) is 



A{s) = ^^i?e[24m|mf(l -fi^)D*C + Am|(3-'t;^)|A|2 + 12m|mfs|D| 
+ ml\Cf{2X - (1 - v'){2X - 3(1 - VKf)}] 



(18) 



3 Double-Lepton Polarization 



In this section, we will calculate the double-polarization asymmetries, i.e., when polar- 
izations of both leptons have to be simultaneously measured. One can introduce a spin 
projection operator as follows: 

Ai = ^(l + 75/~) , 

A2= ^(1+75/+) , 

for lepton £~ and antilepton where i = L, N,T correspond to the longitudinal, normal 
and transversal polarizations, respectively. Firstly, we must define the orthogonal vectors 
s in the rest frame of leptons(where its vector is the polarization vector of the lepton): 



0,eE 
0, 

0,e + 



0,e 



N 



V \pkXP-\J 
(O, X e^) , 

(0,e+xe+) , 



(19) 



here p^i and px are the three-momenta of the leptons £^ and K meson in the center of mass 
frame (CM) of £" l'^ system, respectively. 

The longitudinal unit vectors are boosted to the CM frame of by Lorenz transfor- 
mation: 

/ \p- 1 Ep^ \ 



CM 



V ^ J CM 



mi ' rui \p_ I 
\p- 1 Ep_ 



' rrii |p_ 



(20) 



while the other two vectors remain unchanged. 

We can now define the double-lepton polarization asymmetries as in [41]: 

where i,j — L, N, T, and the first subindex i corresponds to lepton while the second 
subindex j corresponds to antilepton, respectively. 

Now, regarding the aforementioned definitions, after doing the straight forward calcu- 
lations we obtain the following results for Pij{s): 

Pll = -^Re[-2Amlrn^i{l-TK)C''D + \ml{l + v^)\A\^ (22) 

- 12m|mfs|L'p + m||C|2(2A- (l-'u2)(2A + 3(l-fK)^))], (23) 

Pln = :rx^M-mBmisA*D-mBmi{i-rK)A*C], (24) 

Pnl = —Pln, (25) 

Plt = ^—Re[mBmiv{l-fK)\C\^ + mBmivsC*D], (26) 

-Ptl = Plt, (27) 

PiVT = -^/m[2Am|A*C], (28) 

Ptn = — -Pa^t , (29) 
Ptt = -^i?e[-24m|m^(l - fi^)C*D - Am|(l + v^)\A\'^ - l2m\rnfs\D\^ 

+ m||C|2{2A-(l-^;2)(2A + 3(l-f^)2)}], (30) 
Pjviv = ^^i?e[24m|mf(l-fx)C*£'- Am|(3-w^)|A|=^ + 12m^m;^s|L'|2 

+ m||(:7|2{2A-(l-^;2)(2A-3(l-rV)')}] (31) 



4 Numerical analysis 

In this section, we will analyze the dependence of the double-lepton polarizations on 
the fourth quark mass(mi/) and the product of quark mixing matrix elements {V^fyt's — 
Tsh^^^"^)- The challenging input parameters in the calculations are the form factors, which 
are related to the non-pcrtubative part of QCD. We will use the result of the study in [40] 
where radiative corrections to the leading twist wave functions and SU (3) breaking effects 
are taken into account. 

We use the next-to-leading order logarithmic approximation for the resulting values 
of the Wilson coefficients C^^^ , Cj and Cio in the SM [42, 43] at the re-normahzation 
point fj, — nib. It should be noted that in addition to the short distance contribution, Cq'^^ 
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Table 2: The experimental limit of mf for (j)sb — 7r/3[34] 
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Table 3: The experimental limit of m^/ for 0^6 = 7r/2[34] 



receives long distance contributions from the real cc resonant states of the J/xjj family. In 
the present research, we do not take the long distance effects into account. 

The input parameters used in this analysis are as follows: 
\VtbV;^\ = 0.0385, (Cg^^)"^ = 4.344, do = -4.669, = 4.22 x IQ-^^ Q^y ^^^^^ 
to perform quantitative analysis of the double-lepton polarizations, the values of the new 
parameters(mt', r^^i,. (i^f,) are needed. Using the experimental values of -B ^ Xgj and B — ^ 
Xsi~^i~ , the restriction on ~ {0.01 — 0.03} has been obtained [27, 34] for (f)sh ~ {0 — 27r} 
and rrit' ~ {200,600} (GcV)(see table 2). Considering the Bg mixing, which is in terms of 
the ArriB^, 4>sb is sharply restricted {(psb ~ 7r/2) [23]. 

Before performing numerical analyses, we would like to add a few words about lepton 
polarizations. From explicit expressions of the lepton polarizations one can easily see that 
they depend on both s and the new parameters(mt/, Vsh)- Therefore, it may experimentally 
be difficult to study these dependencies at the same time. For this reason, we eliminate 
the dependence by performing integration over s in the allowed region, i.e., we consider 
the averaged double-lepton polarization asymmetries. The average gained, here, over s is 
defined as: 



/ Pij-Tzds 
,p > _ Umj as 

^ ~ fi^-vf^r dB 

JArh?. ds 



Our quantitative analyses indicate that some of the (Pjj) are less sensitive to the fourth 
generation parameters; i.e, the maximum deviation from the SM3 are ~ 5%. We do not 
present those dependencies on fourth generation parameters with relevant figures. We 
present our analysis for strongly dependent functions in a series of figures where the black 
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Table 4: The experimental limit of m^/ for (^gb — 27r/3[34] 



"DOTS" in figures show the experimental Hmit on mf, considering the la level deviation 
from the measured branching ratio oi B ^ Xs£~£~^{see Table 2,3,4). From these figures, 
we deduce the following results: 

• Taking the fourth generation into account , the value of (Pll) shows weak dependency 
for fi channel and alters r channel at most about 20% compared to the SMS the 
prediction, while it increases for , (psh = 90°, 120°. However, it both increases and 
decreases for the (psb = 60° for both channels. 

• In the SMS the non-zero values of (Pln) and (Pnt), as well as (Pnl) and (Ptn), have 
their origin in the higher order QCD corrections to the Cg-^-^ . Since these functions 
are proportional to the lepton mass and imaginary part of the Cg^^ , results of both 
are neghgible. However, they seem to exceed the SM value sizeably. This is because 
of the new weak phase and new contribution to the Wilson coefficients coming out of 
the fourth generation. Furthermore, for fixed values of Vsh, their magnitude decreases 
by increasing the (psb in the the experimentally allowed region. 

• Regarding the fourth generation, the value of {Pnn) changes S-4 times for n channel 
and at most about 25% for r channel compared with the SMS prediction, while it 
increases for , 4>sb = 90°, 120°. But, it is both increases and decreases for the 4>sb = 60° 
in both channels. 

• The situation for (Ptt) is similar to the (Pnn), if the channel is considered . But r 
channel depicts weak dependence on the fourth generation parameters(at most ~ 5% 
deviation from the SMS predictions) . 

• The value of (Plt) changes about two times for n channel and at most about 5% for 
r channel compared with the SMS prediction, while it increases for , (pgb = 90°, 120°. 
But, it both increases and decreases for the (psb — 60° in both channels. 

Finally, let us briefly discuss whether it is possible to measure the lepton polarization 
asymmetries in experiments or not. A required number of the events (i.e., the number of 
BB pair) in terms of the branching ratio B at na level, {Pij) and the efficiencies of the 
leptons Si and S2 are given by the expression 



I3S,S2{P^J)^ ' 

Typical values of the efficiencies of the r-leptons range from 50% to 90% for their var- 
ious decay modes [44]. It should be noted, here, that the error in r-lepton polarization 
is estimated to be about (10 -j- 15)% [45]. So, the error in measurement of the r-lepton 
asymmetries is approximately (20 -j- 30)%, and the error in obtaining the number of events 
is about 50%. 

Looking at the expression of A^, it can be understood that in order to detect the lepton 
polarization asymmetries in the ^ and r channels at So" level, the minimum number of 
required events are (for the efficiency of r-lepton we take 0.5): 



for B — > K/i'^ii decay 



N 



3.5 X 10^ 
5.0 X 10^ 
2.0 X 10^1 



(for {Pll),{Plt)) 
(for(PrL)) , 
(for(Pi;v)) , 



• for B Kt^t 



N ^ 



decay 
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X 10^ 
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{Pll).{Plt)APtl)APnn)) 
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X 10^ 


(for 


(Ptt)) , 


(4.0 ± 2 


0) 


X lO^o 


(for 


(Pln) , (Pnl)) , 


(3.0 ± 1 


5) 


X 10^^ 


(for 


{Pnt) , {Ptn)) ■ 



On the other hand, the number of BB pairs, that are produced at LHC are about 
~ 10^^. As a result of the comparison of these numbers and N, we conclude that except 
{Pln) in the B — > K^~^^~ decay and (Pnt), (Ptn) in the B — > Kt^t~ decay, all double 
lepton polarizations can be detectable at LHC. The numbers for the B — > Kfi^fi" decay 
presented above demonstrate that (Pll) and (Plt) for the B — > K/i^ii' decay might be 
accessible to B factories after several years of running. 

To sum up, in this study we present the most general analyses of the double-lepton 
polarization asymmetries in the B — > K£~^£~ decay using the SM with the fourth generation 
of quarks. In our analyses, we have used the experimental results of the branching ratio 
for the B — Xgii^ fJT decay and Bg mixing to control the fourth generation parameters. 
We have found out that some of the double-lepton polarization functions which are already 
accessible to LHC depict the strong dependency on the fourth generation quark mass and 
product of quark mixing. The study of such strong dependent double-lepton polarization 
asymmetries can serve as a good test for the predictions of the SM and for the indirect 
search for the fourth generation up type quarks t' . 
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Figure captions 

Fig. (1) The dependence of the {Pll) for the B — > Kt^t~ decay on the fourth gen- 
eration quark mass m^/ for three different values of = {60°, 90°, 120°} and Vsb — 
{0.01, 0.02, 0.03} . 

Fig. (2) The dependence of the (Pln) on the fourth generation quark mass mf for three 
different values of ~ {60°, 90°, 120°) and r^b = (0.01, 0.02, 0.03} for lepton. 

Fig. (3) The same as in Fig. (2), but for the r lepton. 

Fig. (4) The dependence of the (Pnt) on the fourth generation quark mass mf for three 
different values of (psb ~ {60°, 90°, 120°} and r,b = {0.01, 0.02, 0.03} for lepton. 

Fig. (5)The same as in Fig. (4), but for the r lepton. 

Fig. (6) The dependence of the (Plt) on the fourth generation quark mass mf for three 
different values of (psb ~ {60°, 90°, 120°} and r,b = {0.01, 0.02, 0.03} for fi lepton. 

Fig. (7) The dependence of the (Pnn) on the fourth generation quark mass mf for 
three different values of (l)sb ~ {60°, 90°, 120°} and r^b = {0.01, 0.02, 0.03} for lepton. 

Fig. (8)The same as in Fig. (7), but for the r lepton. 

Fig. (9) The dependence of the (Ptt) on the fourth generation quark mass mf for three 
different values of ~ {60°, 90°, 120°} and r^t = {0.01, 0.02, 0.03} for pi lepton. 
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